A technique for estimating the full flow velocity vector has previously been presented by our group. Unlike conventional estimators, that only detect the axial component of the flow, this new method is capable of estimating the transverse velocity component. The method uses focusing along the flow direction to produce signals that are influenced by the shift of the scatterer's position. The signals are then cross-correlated to find the shift in position and thereby the velocity. The performance of the method is investigated using both a flow phantom and in-vivo measurements.
Introduction
Existing blood flow estimation techniques only detect the axial component of the flow velocity vector. Consequently a blood flow transverse to the ultrasound beam can not be estimated. This limitation is significant, since most blood vessels run parallel to the skin surface and, thus, transverse to the ultrasound beam.
A number of methods for transverse blood flow estimation have been proposed. Fox [1] suggested using multiple beams from separate transducers or apertures. Newhouse [2] used the fact that Doppler bandwidth changes as a result of transverse flow. Trahey, Allison, and Ramm [3] performed speckle tracking in the time domain. Routh, Pusateri, and Waters [4] suggested beam-to-beam correlation. Jensen and Munk [5, 6] and Anderson [7] used ultrasound beams with a lateral oscillation in order to estimate the transverse velocity. Several techniques have, thus, been suggested, but none have so far been used in clinical scanning.
Previously a method capable of estimating a fully transverse flow has been suggested by our group [8, 9, 10] . Here a focused beam is emitted and the received signals from multiple elements are sampled. The received signals are then beamformed long the flow direction to generate signals that can be cross-correlated. The velocity is then found from the shift in position of the received signal over time. The method has previously been studied through simulations with Field II [8, 9, 10] , and in this paper it is further investigated through phantom and in-vivo measurements.
Transverse velocity estimation
The blood vessel under investigation is insonified by a focused ultrasound beam. The response is beamformed to obtain the field amplitude in receive focus points along the blood flow direction. Fig. 1 shows how the receive focus points are placed along lines parallel to the flow direction. These lines are denoted receive focus lines. The angle between the ultrasound beam and the flow direction is denoted by the beam-to- flow angle θ. The focusing is done as described in [9] The receive focus lines obtained at subsequent time instants (with intervals of T pr f ) are cross-correlated and the peak of the correlation signal is found. From the position of the peak, the lag is found yielding the velocity estimatê
where dx is the distance between receive focus points in a receive focus line andn s is the lag. Consequently one receive focus line measured at subsequent time instants results in one velocity estimate at the center of the line. The method is described in detail in [9] .
Flow phantom measurements
A flow phantom capable of producing a laminar parabolic flow velocity profile was used for the measurements. A 7.5 MHz linear array transducer (B-K Medical 8804) was placed in different beam-to-flow angles for measuring the flow inside a tube. A blood mimicking fluid from Danish Phantom Design (containing orgasol 5 µm, glycerol, detergent, dextran, and water) acted as scattering liquid inside the tube. The flow rate was measured to 93.1-93.4 liters/hour with a Danfoss MAG 1100 flow meter and the radius of the vessel was 8.5 mm. Assuming parabolic flow, the peak velocity was 0.23 m/s. The pulse repetition frequency was f pr f
kHz. An eight-cycle Hanning sine was used as excitation and 64 elements with Hanning apodization were used both in transmit and receive. A specially developed research scanner RASMUS was used for all measurement [11] . The scanner can simultaneously measure in 64 channels at 40 MHz using 12 bits, and it can simultaneously emit on 128 channels of which 64 were used. The received data is stored in the system and later processed in a PC. The transmit focus was at the center of the vessel at 34 mm. A velocity profile consists of estimates at 20 point along an axial line inside the vessel at the center of the received focus lines.
Estimated parabolic velocity profiles measured with the flow phantom are shown in Figures 2, 3 , and 4. The top plot in every figure shows 36 profiles, where each velocity estimate was calculated using 10 received focus lines. The lower plots show the mean of the estimates ¦ 3 standard deviations, and the true profile as the dashed line. Table 1 shows the mean relative bias and the relative standard deviation for the parabolic flow estimations. The mean relative bias is the mean devia- tion over the profile relative to the peak of the true velocity profile. The relative standard deviation is the average of the standard deviation of the estimates relative to the true peak velocity.
The 45 o and 65 o profiles in Figures 2 and 3 have a low standard deviation indicating that the actual profile is as estimated rather than perfectly parabolic.
The 90 o profile is shown in Fig. 5 with 18 profiles was estimated by using 20 received focus lines for the estimation. Increasing the averaging lowers the relative standard deviation dramatically due to an artifact in the measurement. A re-reflection from the bottom of the phantom (clearly seen in the RF-data) gave rise to a strong fluctuating echo inside the vessel, and this influenced the estimates at the lower part of the vessel. Taking only the first half of the estimates into account, the mean relative bias and relative standard deviation becomes -2.5 % and 13.3 %, respectively. The relative standard deviation can be reduced even further by focusing below the tube as other 90 o plug flow measurement indicate. This is also demonstrated by the simulations presented in [9] and [12] .
In-vivo measurements
The carotid artery of a male volunteer has been measured at a beam-to-flow angle of 70 o with the measurement system described above. It can be seen that the profiles are brighter in the center than at the edges, which is consistent with flow profiles in the carotid artery [13] . Note also that the beam-to-flow angle is above 60 o , which is normally considered to be the limit for reliable estimates with conventional axial estimators. 
Conclusion
A method for blood flow estimation has been demonstrated by clinically relevant phantom and in-vivo measurements. A relative standard deviation of 13.1 % and a bias of -2.5 % was obtained with an experimental ultrasound scanner for a purely transverse flow. This precision is within the limits for current normal color flow mapping systems that cannot estimate the transverse flow. A major advantage is the low decorrelation as a result of focusing along the flow, which contributes to the low standard deviation at other angles. Preliminary in-vivo data showed that the approach can be used for large beam-to-flow angles in the clinic. Additional measurements and further development of our experimental ultrasound system is likely to improve these results.
